3-(5′-tetrazolylazo)-2,6-diaminotoluene, 3 1,4-dihydrazino-phthalazine, 4 5,6-dimethyl-1,3-indanedione-2-oxime, 5 meso-tetra- (3-fluoro-4-sulfophenyl) porphyrin, 6 thiourea derivants, [7] [8] [9] [10] [11] dithizone, 12 5 -(3,4-methoxyhydroxybenzylidene)rhodanine, 13 2-thiobarbituric acid 14 and their derivants. Generally speaking, porphyrin derivants show higher sensitivity for the spectrophotometric determination of palladium(II) compared with other reagents, while thiazolidine, diazobenzene and their derivants exhibit good selectivity. However, due to the tedious separation procedure (extraction, centrifugation), low sensitivity and heavy interference resulting from the coexisting metal and/or nonmetal ions, only several thiourea derivants have been applied for the spectrophotometric determination of palladium. [7] [8] [9] [10] [11] Although Murthy and coworkers 11 simplified the procedure for measuring palladium(II) by using o-hydroxyacetophenone thiosemicarbazone as a chromogenic reagent in aqueous dimethylformamide at pH 6.0, the low sensitivity (ε = 9.0 × 10 3 L mol -1 cm -1 ) and serious interference still limit its wide application.
Following our study of developing new spectrophotometric procedures for the determination of metal ions, especially noble metal ions, by using new thiourea derivants, 10, [15] [16] [17] this paper reports on the synthesis of a new chromogenic reagent, MSAT, and its application to the spectrophotometric determination of palladium. Based on the formation of a stable colored complex of MSAT-palladium(II) in a pH 4.0 -5.5 HAc-NaAc buffer solution, and the optimal experimental conditions, a novel analytical method has been developed for the spectrophotometric determination of palladium(II). The proposed method is simple, convenient and sensitive, and has been successfully tested for measuring palladium in real samples.
Experimental

Apparatus
UV-Vis absorption spectra were acquired on a Perkin-Elmer LAMBDA 17 UV-Vis spectrophotometer using 1 cm matched quartz cells (PE Co., USA). FT-IR spectra were obtained by using an SP3-300 spectrophotometer (PYE-Unican Co., UK). Element analyses were performed on a Model of 240C element analyzer (PE Co.).
A JEOL-FX-90Q nuclear magnetic resonator (JEOL, Japan) was used for 1 H-NMR analysis. Also a Model pHS-2 pH meter (Shanghai Analytical Instrument Co.) was used for pH measurements. 
Chemicals and solutions
All chemicals used in this investigation were of analytical grade and used without further purification. Doubly distilled water was used throughout all of the experimental studies.
A palladium stock solution (1.0 mg mL -1 ) was prepared by first dissolving 0.1000 g palladium (99.99%, Shanghai) in a 5 mL mixed solution of nitric acid and hydrochloric acid (1/3, v/v), and then 16 mL H2SO4 (1/1, v/v) was added; finally, the palladium solution was diluted to 100 mL with distilled water. Working standards (2 μg mL -1 ) were prepared daily from the above-mentioned stock solution by appropriate dilution with water in volumetric flasks.
Various pH values of a 0.01 mol L -1 HAc-NaAc buffer solution, prepared by mixing stock solutions of HAc and NaAc (Shanghai Chemical Reagent Co., China), were used as the reaction medium for the determination.
Three different types of surfactants (cationic, anionic and nonionic surfactants working solutions (1%, w/w) were prepared by dissolving appropriate amounts of them in distilled water.
-3 mol L -1 ) was prepared by dissolving 0.1775 g of MSAT in 500 mL of distilled water, and stored at room temperature.
p-Hydrazino-phenylsulfo acid and o-methylphenylisothiocyanate were synthesized according to Li et al. 18 and Hodgkins et al., 19 respectively.
Synthesis of MSAT
After 0.025 mol p-hydrazino-phenylsulfo acid was dissolved in a 25 mL NaOH (4%, w/w) aqueous solution in a three-necked flask under magnetic stirring, and heated to 75 -80˚C in a water bath, 10 ml of an ethanol solution containing 0.025 mol omethylphenyl-isothiocyanate was added into the flask. Two hours later, the reaction system was cooled to room temperature with flowing water, and 10 mL of diethylether was added into the flask to extract the superfluous o-methylphenylisothiocyanate. The crude pale-yellow product could then be deposited out from the reaction solution after adding 10 mL of dry ethanol into the solution. Finally, the crude product was further recrystallized with ethanol to obtain a white powder (MSAT) with a yield of 72%. The above synthetic reaction is described in Scheme 1.
Characterization of MSAT
MSAT, a white powder, is very stable in air. Typically, MSAT can dissolve in water, N,N′-dimethyl formamide and dimethyl sulfoxide, and only has a slight dissolution in alcohol and acetone. However, MSAT is insoluble in benzene, ether and chloroform. 
General procedures Spectrophotometric determination of palladium as a MSATpalladium(II) complex.
Appropriate amounts of the palladium(II) working solution (2 μg mL -1 ) were placed in a 25 mL calibrated flask, to which 5.00 mL of a pH 4.7 HAc-NaAc buffer solution and 5.00 mL of the MSAT working solution (1.00 × 10 -3 mol L -1 ) were added; the volume was completed with distilled water. After heating in a 75 -80˚C water bath for 3 min, the reaction flask was taken out to be cooled to room temperature by using flowing water. The absorbance of the yellow palladium(II)-MSAT complex was then measured at 318.0 nm in a 1 cm quartz cell against a reagent blank.
Results and Dissussion
Absorption spectra Figure 1 shows the absorption spectra of the ligand MSAT (curve 1) and its complex with palladium(II) (curve 2). As can be seen from Fig. 1 , the maximum absorption of the free MSAT is at 246.5 nm, while the maximum absorption of the palladium(II)-MSAT complex is at 318.0 nm. The difference in the maximum absorption between the free MSAT and its complex with palladium(II) (Δλ = λmax,MSAT-Pd -λmax,MSAT) is 71.5 nm, which is large enough for the exact spectrophotometric determination of palladium. On the other hand, the still existing absorbance of MSAT at 318.0 nm only shows a molar absorptivity of 190 L mol -1 cm -1 , which is much smaller than that of the Pd-MSAT complex (εMSAT-Pd,318.0 nm = 2.04 × 10 5 L mol -1 cm -1 ; see the following discussion). This shows that the absorbance resulting from MSAT does not interfere with the determination of palladium under the experimental condition.
Effect of the reaction medium
To obtain an ideal method for the spectrophotometric determination of palladium, several different buffer solutions were tested: acetate, phosphate, borate and carbonate buffers, respectively. The results showed that the acetate buffer was much better than the other buffers. Next, the effect of the pH of the acetate buffer on the formation of the palladium(II)-MSAT complex was investigated. As shown in Fig. 2, absorption intensity was between pH 4.0 -5.5 for the palladium(II)-MSAT complex. Also, the acetate buffer capacity was optimized. Excellent sensitivity and reproducibility were obtained when the amount of HAc-NaAc buffer solution was more than 5 mL. Therefore, 5 mL of 0.01 mol L -1 pH 4.7 acetate buffer solution was chosen as the reaction medium for following studies.
Effect of MSAT concentration
The influence of the MSAT concentration on the analytical signal was investigated in detail (Fig. 3) . Figure 3 shows the variation of the maximum absorption intensity of the palladium(II)-MSAT complex with the concentration of added MSAT. It was found that the maximum absorption intensity could be obtained when the amount of 1.00 × 10 -3 mol L -1 MSAT was more than 4 mL. To obtain a sensitive analytical method, 5 mL of a 1.00 × 10 -3 mol L -1 MSAT solution was used in subsequent experiments.
Effect of surfactants
The influences of different types of surfactants on the formation of the palladium(II)-MSAT complex have also been described.
The results showed that cationic surfactants cetyltrimethylammonium bromide (CTMAB) and cetylpyridinium bromide (CPB) resulted in a slight red shift of the maximum absorption to 321 nm and 322 nm, respectively, with no obvious enhancement in the absorption intensity; anionic surfactants sodium dodecane sulfonate (SDS) and sodium dodecylbenzene sulfonate (SDBS) showed no influences on the maximum absorption and sensitivity; however, non-ionic surfactants, Emulsifier OP-10, Tween-80 and Triton X-100, resulted in the formation of precipitates. This was perhaps due to an instability of the ionic palladium(II)-MSAT-surfactant ternary complex with strong polarity. This implies that the chromogenic reaction of palladium(II) with MSAT, itself, is sensitive without the aid of a surfactant. Thus, it is unnecessary to use surfactants in this procedure.
Effect of reaction temperature and time
At low temperature (≤ 18˚C), the formation of the palladium(II)-MSAT complex was very slow, and the reaction speed greatly increased with increasing the reaction temperature. However, when the reaction temperature was more than 80˚C, a white precipitate was found in the solution. This was perhaps due to the instability of the palladium-MSAT binary complex at high temperature. The experimental results showed that the maximum absorption intensity was obtained when the reaction was kept in a 65 -70˚C water bath for more than 2 min. Thus, to ensure an efficient reaction, all of the subsequent experiments were carried out in a 65 -70˚C water bath for 3 min. The maximum absorbance could remain constant for 9 h.
Calibration graph, sensitivity and reproducibility
A series of standard palladium(II) solutions were prepared (covering the whole range of concentrations) and their absorptions were measured at 318.0 nm under the optimal conditions to test the linearity of the calibration graph. The results showed that Beer's law was obeyed over the concentration range of 1.2 -11.8 μg of palladium(II) in a 25 mL solution. The apparent molar absorptivity of the palladium(II)-MSAT complex was 2.04 × 10 5 L mol -1 cm -1 , and the corresponding Sandell sensitivity (based on the absorbance of 0.001) was 5.22 × 10 -4 μg cm -2 .
To characterize the reproducibility of the analytical results, repetitive measurements were carried out for solutions containing 8 μg of palladium(II) in a 25 mL solution. The results of 11 successive measurements showed a relative standard deviation of 1.74%. The detection limit (3δ) was calculated to be 0.01 μg/mL.
Interference studies
The interference of diverse ions on the spectrophotometric determination of 5 μg of palladium(II) was investigated by using the proposed procedure in 25 mL solutions containing a 10000 fold (m/m) ration of the interfering ions to palladium(II). The criterion for interference was a deviation of less than ±5% from the concentration of palladium(II).
If interference occurred, the concentration ratio was reduced until it ceased. Metal ions were added as nitrate, chloride or sulfate, while the anions were added as ammonium, potassium or sodium salts. The formation of a precipitate indicated the interference of the foreign ions. The tolerable limits of aluminium(III) and iron(III) could be greatly improved when 5 mL of a 5% NaF solution was added as a masking agent. The existence of copper(II) (≥ 1 μg) seriously interfered with the determination of palladium(II). This was due to the strong combination of copper(II) with MSAT to form a blue complex, whose maximum absorption was at 312.8 nm.
However, the interference of 10 μg copper(II) could be eliminated by being masked with 3 mL of a 1% EDTA solution. The obtained results are given in Table 1 .
Application of the procedure
To evaluate the practicability of the analytical approach, it was applied for the spectrophotometric determination of 991 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Fig. 2 Influence of the medium pH on the maximum absorption intensity for 8 μg of palladium(II) in a 25 mL solution. palladium in anode mud and ore samples, respectively. The results are given in Table 2 . As can be seen, there are no obvious differences between the standard values and the analytical results by using the proposed method. The good quantitative results and low relative standard deviations testify to the accuracy and precision of the developed procedure.
Recovery tests were also performed on each of the analyzed samples by adding a known amount of palladium to the samples before treatment. The results are given in Table 3 . As can be seen, the recoveries range from 95.2% to 98.9%.
Conclusions
This paper demonstrated the synthesis of the new thiourea derivant of MSAT and its use for the spectrophotometric determination of palladium(II) based on the formation of a colored complex with MSAT. The proposed procedure is simple, rapid, convenient and sensitive. Interference studies show that the analytical method has a high selectivity for the measurement of palladium. Also, satisfactory results for the analysis of palladium in real samples confirm the usefulness of the developed method. 
